Tunable Noise Cross-Correlations in a Double Quantum Dot 
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We report measurements of the cross-correlation between current noise fluctuations in two ca- 
pacitively coupled quantum dots in the Coulomb blockade regime. The sign of the cross-spectral 
density is found to be tunable by gate voltage and source-drain bias. Good agreement is found with 
a model of sequential tunneling through the dots in the presence of inter-dot capacitive coupling. 
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Current noise cross-correlation in mesoscopic electron- 
ics is of broad interest because it is sensitive to quan- 
tum indistinguishability and interactions 0, 0> EJ 13 • 
In the absence of interactions, Pauli exclusion makes 
the cross-correlation between any two outgoing currents 
negative, regardless of device geometry, temperature, 
and bias voltage [f|. Experiments to date, notably the 
electronic versions of the Hanbury Brown-Twiss exper- 
iment 0, IH @; have shown good agreement with this 
theoretical prediction. 

However, the negative sign of the cross-correlation 
rests on a number of assumptions: a low-impedance ex- 
ternal circuit, low measurement frequenc y, a nd vanishing 
interactions. Recent work |lCtlllLll2lll3lll4| explores the 
possibility of controlling the sign of cross-correlations by 
relaxing one or more of these conditions. For example, 
if the first assumption is relaxed, sign reversal can re- 
sult from strong inelastic scattering, as theoretically pre- 
dicted 01 an d experimentally demonstrated 0] using a 
voltage probe. Furthermore, sign reversal can also occur 
in hybrid superconductor-normal systems when non-local 
Andreev reflection dominates over normal scattering, as 
was shown theoretically in Refs. [l5lllH.ll7|. 

In this Letter, we report gate-controlled sign reversal 
of noise cross-correlation due to strong Coulomb interac- 
tion in a capacitively coupled double quantum dot. Pre- 
viously, super-Poissonian current noise was observed in 
mesoscopic tunnel junctions 0] and silicon MOSFETs 
at low transmission |l9| and attributed to Coulomb inter- 
action between localized states mediating transport. In 
contrast to devices with uncontrolled localized states, the 
present structure allows full control of Coulomb-induced 
correlation via the electrostatic gates that define the two 
dots. A model of sequential tunneling through a sin- 
gle level within each dot that includes capacitive cou- 
pling yields good agreement with the experimental re- 
sults. This study provides an intuitive picture of how 
Coulomb interaction influences noise cross-correlation, 
taking advantage of a well-controlled device geometry. 

The four-terminal double-dot device is defined by top 
gates on the surface of a GaAs/Al . 3 Gao.7As heterostruc- 
ture grown by molecular beam epitaxy [see micrograph 
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FIG. 1: (a) Scanning electron micrograph of the double-dot de- 
vice, and equivalent circuit at 2 MHz of the noise detection system 
measuring the power spectral densities and cross spectral density 
of fluctuations in currents It and 1^. (b) Differential conductances 
gt (yellow) and gt, (magenta) as a function of Vtc and Vj, c over a 
few Coulomb blockade peaks in each dot, at Vt = Vt, = 0. Black 
regions correspond to well-defined charge states in the double-dot 
system. Superimposed white lines indicate the honeycomb struc- 
ture resulting from the finite inter-dot capacitive coupling, (c) 
Zero-bias (thermal) noise Sb (black dots, right axis), conductance 
gt, (magenta curve, left axis), and calculated AkgT e gi, (magenta 
curve, right axis) as a function of gate voltage Vj, c . 



in Fig. 1(a)]. The two-dimensional electron gas 100 nm 
below the surface has a density of 2 x 10 11 cm~ 2 and 
mobility 2 x 10 5 cm 2 /Vs. Throughout this experiment, 
gate voltages V] = V r = —1420 mV fully deplete the cen- 
tral point contact such that the dots are coupled only 
capacitively, not via tunneling. Gate voltages Vu (Vm) 
and Vtr {Vbr) control the tunnel barrier between the top 
(bottom) dot and its left and right leads. Plunger gate 
voltage Vtc {Vbc) controls the electron number M (N) in 
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the top (bottom) dot; for this experiment M ~ N ~ 100. 
The lithographic area of each dot is 0.15 /im 2 . We esti- 
mate a mean level spacing of each dot \(b) ~ 70 ^eV, 
assuming ~ 100 nm of lateral depletion around the gates. 

Measurements are carried out in a 3 He cryostat 
equipped with a two-channel noise measurement sys- 
tem |2QJ, shown schematically in Fig. 1(a). A voltage 
bias Vt (Vb) is applied to the left lead of the top (bot- 
tom) dot, with right leads held at ground. Separate 
resistor-inductor-capacitor resonators (i? = 5 kfi, L — 
66 /iH, C = 96 pF) convert fluctuations in currents It 
and h through the top and bottom dots around 2 MHz 
into voltage fluctuations on gates of high electron mo- 
bility transistors (HEMTs) at 4.2 K, which in turn con- 
vert these into current fluctuations in two 50 f2 coaxial 
lines extending to room temperature, where further am- 
plification is performed. These signals are then simul- 
taneously digitized at 10 MHz, their fast Fourier trans- 
forms calculated, and the current noise power spectral 
densities St , Sb and cross-spectral density Stb extracted. 
The overall gain of each amplification channel and the 
base electron temperature T e — 280 mK are calibrated 
in situ using Johnson-noise thermometry at base temper- 
ature and 1.6 K with the device configured as two point 
contacts j^. Differential conductance gt (gb) through 
the top (bottom) dot is measured using standard lock-in 
technique with an applied excitation of 25 (30) /LtV rms at 
677 (1000) Hz. Ohmic contact resistances of roughly a 
few kf2, much smaller than the dot resistances, are not 
subtracted. 

Superposed top and bottom dot conductances gt and 
gb as a function of plunger voltages Vtc and Vh r form 
the characteristic double-dot honeycomb pattern [2lj,|22|, 
with dark regions corresponding to well-defined electron 
number in each dot, denoted (M, N) (first index for top 
dot), as shown in Fig. 1(b). Horizontal (vertical) fea- 
tures i n Qt (gb) are Coulomb blockade (CB) conductance 
peaks |23j, across which M (N) increases by one as Vj c 
(Vbc) is raised. The distance between triple points, i.e., 
the length of the short edge of the hexagon, provides a 
measure of the mutual charging energy U due to inter- 
dot capacitive coupling. By comparing this distance to 
the CB peak spacing, and using the single-dot charging 
energy Eq — 600 /zeV extracted from finite bias CB di- 
amonds (not shown), we estimate U ~ 60 [ieV [22^ . We 
refer to the midpoint of the short edge of the hexagon, 
midway between triple points, as the "honeycomb ver- 
tex." Current noise Sb and conductance gb, measured 
simultaneously around zero-bias, over a CB peak in the 
bottom dot (with the top dot in a CB valley) are shown 
in Fig. 1(c). Good agreement between the measured Sb 
and the Johnson-Nyquist thermal noise value 4:ksT e gb is 
observed. 

Turning now to finite-bias noise measurements, 
Fig. 2(a) shows the measured noise cross-correlation Stb 
as a function of plunger gate voltages Vtc and Vbc m 
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FIG. 2: Measured (a) and simulated (b) cross-spectral density Stb 
near a honeycomb vertex, with applied bias Vt = Vt = —100 fiV 
( e |Vt(6)l ~ 4fcsT e »s Ec/6)- Blue regions (lower-left and upper- 
right) indicate negative cross-correlation, while red regions indicate 
positive cross-correlation. 



the vicinity of a honeycomb vertex, with voltage bias of 
— 100 fiY applied to both dots. The plot reveals a char- 
acteristic quadrupole pattern of noise cross-correlation 
centered on the honeycomb vertex, comprising both neg- 
ative and positive cross-correlation regions. The symme- 
try of this pattern is found to depend rather sensitively 
on balancing each dot's left and right tunnel barriers. 

To better understand this experimental result, we 
model the system as single-level dots capacitively coupled 
by a mutual charging energy U, each with weak tunnel- 
ing to the leads. The energy required to add electron 
M + 1 to the top dot depends on the two plunger gate 
voltages as well as the electron number n £ {N, N + 1} 
on the bottom dot: E t = a t V tc + f3 t Vb c + U ■ n + const., 
where lever arms at and f3t are obtained from the hon- 
eycomb diagram in Fig. 1(b) [2lJ and the measured Ec- 
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FIG. 3: Energy level diagrams in the vicinity of a honeycomb ver- 
tex, with biases V^fM = —100 fiY. (The various energies are shown 
roughly to scale.) The solid horizontal line in the top (bottom) dot 
represents the energy E t ^ required to add electron M + 1 (N + 1) 
when the bottom (top) dot has N (M) electrons. The dashed hor- 
izontal line, higher than the solid line by U, represents E t ^ when 
the bottom (top) dot has AT + 1 (M + 1) electrons. In each dot, 
the rate of either tunneling-in from the left or tunneling-out to the 
right is significantly affected by this difference in the energy level, 
taking on either a slow value (red arrow) or a fast value (green 
arrow) depending on the electron number in the other dot. In (a) 
and (d), where the occurrence of each [/-sensitive process enhances 
the rate of the other, we find positive cross-correlation. In (b) and 
(c), where the occurrence of each [/-sensitive process suppresses 
the rate of the other, we find negative cross-correlation. 

The energy E^ to add electron N + 1 to the bottom dot is 
given by an analogous formula. Occupation probabilities 
for charge states (M,N), (M + 1,7V), (M,N + 1), and 
(M + 1, N + 1) are given by the diagonal elements of the 
density matrix, p = (poo, Pio, Poi, Pn) ■ The time evo- 
lution of p is given by a master equation dp/dt = Mp, 
where 

/ -W ° ut Woo<-io Wbo-oi \ 
M= WWoo -W^ Wbi^n m 
Wbi«-oo -Wof Wio-n ' 1 ' 
V Wu«_io Wn^ax -Wfi* J 

Each diagonal element of M. gives the total loss rate for 
the corresponding state, with W° nt — ^2pWp^ a . Off- 
diagonal terms give the total rate for transitions between 
two states. For example, VFio^oo = W^io^oo + ^To<-oo 
is the total tunneling rate into (M + 1, N) from (M, N), 
containing tunneling contributions from the top-left and 
top-right leads. 

Rates for tunneling-in and tunneling-out between a dot 
and either of its leads i £ {tl,tr,bl,br} depend on both 
the transparency T l of the tunnel barrier to lead i and the 



Fermi function /j(e) = [1 + exp {(e — Hi) / ksTe}]^ 1 eval- 
uated at the value at e = E t n,-\ , where \i{ is the chemical 
potential in lead i. For example, the rates for tunneling 
into and out of the top dot from/to the left lead are given 
by W?o-oo = T lt f lt (E t ) and W^ w = T lt [1 - f lt (E t )], 
respectively. As E t is lowered across W[ Q 
creases from to T lt over a range of a few fcsT e , while 
Woo<-io d° es the opposite. 

We obtain the steady-state value of p, denoted p, by 
solving dp/dt = Aip = 0. Using techniques described 
in detail in Refs. |24|. I^M 129 j we define current matrices 
J tr and J br for the top-right and bottom-right leads and 
apply them to p to calculate the average currents (I t (b)) 
and the correlator (/((r)/h(0)) H3- The cross-spectral 
density in the low-frequency limit is then given by 

/oo 
[(7 t (r)/ 6 (0))-(/ t )(7 b )]dr. (2) 
-oo 

Simulation results for noise cross-correlation Stt as a 
function of plunger gate voltages are shown in Fig. 2(b), 
with all parameters of the model extracted from exper- 
iment: U = 60 /xeV, T e = 280 mK, T tl = T tr = 
1.5 x 10 10 s _1 , and T u = T br = 7.2 x 10 9 s _1 . The 
T l were estimated from the zero-bias conductance peak 
height using Eq. 6.3 from Ref. j^j an d assuming sym- 
metric left and right barriers. The simulation shows the 
characteristic quadrupole pattern of positive and nega- 
tive cross-correlation observed experimentally. We note 
that the model underestimates S t b by roughly a factor of 
two. This may be due to transport through processes not 
accounted for in the model. Elastic cotunneling may be 
present since the T z are comparable to kBT e /H. Further- 
more, since the voltage-bias energy |eVj(b) | is greater than 
the level spacing A t ( b ), transport may occur via multiple 
levels [ijj E3 and via inelastic cotunneling 0, 1^3] • 

Some intuition for how Coulomb interactions affect 
noise cross-correlation in this device geometry can be 
gained from simple considerations of energy level posi- 
tions in the space of plunger gate voltages, illustrated 
in Fig. 3. With both dots positioned near Coulomb 
blockade peaks, the fluctuations by one in the electron 
number of each dot, caused by the sequential tunneling 
of electrons through that dot, cause the energy level of 
the other dot to fluctuate between two values separated 
by U. These fluctuations can raise and lower the level 
across the chemical potential in one of the dot's leads, 
strongly affecting either the tunnel- in rate (from the left, 
for the case illustrated in Fig. 3) or the tunnel-out rate 
(to the right) of that dot. Specifically, the rate of the "In- 
sensitive" process in each dot fluctuates between a slow 
value (red arrow), suppressed significantly from T l , and a 
fast value (green arrow), close to T\ Since the T z for the 
left and right barriers of each dot are roughly equal, the 
[/-sensitive process becomes the rate-limiting process for 
transport through the dot when its rate is suppressed. 
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FIG. 4: (a) Measured Stb near a honeycomb vertex, with opposite 
biases Vt = —V\, = —100 fiV. Note that the pattern is reversed 
from Fig. 2(a): negative cross-correlation (blue) is now found in the 
upper-left and lower-right regions, while positive cross-correlation 
(red) is now found in the lower-left and upper-right, (b) Measured 
Stb near a honeycomb vertex, with Vt = Vb = 0. Cross-correlation 
of noise vanishes at zero bias, though the noise in each dot is finite. 

The U -sensitive processes correlate transport through 
the two dots. In region (b) of Fig. 3, for instance, where 
Stb is negative, the [/-sensitive process in each dot is 
tunncling-out. Here, as well as in (c), where the U- 
sensitive process in each dot is tunneling-in, the two U- 
sensitive processes compete: the occurrence of one sup- 
presses the rate of the other, leading to negative Stb- 
Conversely, in region (a) [(d)], where Stb is positive, the 
[/-sensitive process in the top [bottom] dot is tunncling- 
out, and in the bottom [top] dot it is tunncling-in. Here, 
the [/-sensitive processes cooperate: the occurrence of 
one lifts the suppression of the other, leading to positive 
Stb- 

The arguments above also apply when one or both bi- 
ases are reversed. When both are reversed, we find both 
experimentally and in the model that the same cross- 
correlation pattern as in Fig. 2 appears (not shown). 
When only one of the biases is reversed, we find both 
experimentally [as shown in Fig. 4(a)] and in the model 
that the pattern reverses sign. In the absence of any bias, 
cross-correlation vanishes both experimentally [as shown 
in Fig. 4(b)] and in the model, despite the fact that noise 
in the individual dots remains finite (as seen in Fig. 1(c)) 

In conclusion, we have observed gate-controlled sign 
reversal of current noise cross-correlation in two capac- 
itively coupled quantum dots. Our ability to tune the 
parameters governing transport through the localized 
states allows us to observe a distinctive noise signature 
of Coulomb interaction between these states that agrees 
with the predictions of a simple model. 
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